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ABSTRACT 

Round t r i p  i n t e r p l a n e t a r y  t r a j e c t o r i e s  a r e  s tud ied  t h a t  s t o p  
over a t  bo th  Mars and Venus be fo re  r e t u r n i n g  t o  Ear th .  Such t r i p s  
f a l l  roughly midway between convent iona l  oppos i t ion  - and conjunc- 
t i o n  - c lass  Mars missions,  i n  terms of propuls ive  e f f o r t ,  t r i p  
t i m e  and s tay t ime.  



ROUND TRIP TRAJECTORIES WITH STOPOVERS 

AT BOTH MARS AND VENUS 

E. A .  W i l l i s ,  Jr. 'and J. A .  Padru t t  

SUMMARY 

T h i s  r e p o r t  cons iders  a c l a s s  of e f f i c i e n t  i n t e r p l a n e t a r y  

Using the con- 
round t r i p  t r a j e c t o r i e s  t h a t  involve  e n t e r i n g  park ing  o r b i t s  a t  - bo th  Mars and Venus be fo re  r e t u r n i n g  t o  Ear th .  
v e n t i o n a l  two-body, impulsive t r a j e c t o r y  model, it is  found t h a t :  

(a) Propuls ive  e f f o r t  requirements  and t r i p  t i m e s  f o r  these 
combined Mars-Venus s topover  t r a j e c t o r i e s  need n o t  be g r e a t l y  h ighe r  
t han  f o r  a mission t o  Mars o r  Venus a lone ;  i n  any case  these quan- 
t i t i e s  a r e  less than  the t o t a l s  f o r  s e p a r a t e  t r i p s  t o  Mars and 
Venus. 

(b) T r a j e c t o r i e s  r e c u r  on a 6.4 year  major cyc le ,  and t h e r e  
a r e  seven low-energy launch o p p o r t u n i t i e s  w i th in  t h a t  pe r iod .  

(c) Three of  t h e s e  o p p o r t u n i t i e s  a r e  p a r t i c u l a r l y  d e s i r a b l e ,  
i n  t h a t  t hey  involve optimum t r i p  times of  on ly  around 700 days; 
t h i s  may be reduced t o  600 days without  a major p e n a l t y  i n  propul- 
sive e f f o r t  AV. Two o t h e r s  r e q u i r e  optimum t r i p  times o f  840-890 
days, bu t  these may be reduced t o  about 750 days be fo re  a l a r g e  
pena l ty  is incur red .  The remaining two cannot be reduced much 
below 1000 days t r i p  t i m e .  

(d) Optimum s t a y  times a t  Mars t end  t o  be s h o r t  (e.g., 10 

Optimum Venus s t a y  t i m e s  a r e  g e n e r a l l y  
days) f o r  s h o r t  t r i p  times, bu t  can be inc reased  t o  50 days f o r  
a very  minor AV inc rease .  
i n  t h e  25  - 75 day range. 

INTRODUCTION 

Manned missions t o  Mars and Venus may e v e n t u a l l y  become t h e  
prime focus  of  the n a t i o n a l  manned s p a c e f l i g h t  program. Such 
missions c l e a r l y  involve  a new order  of  d i f f i c u l t y  when compared 
t o  p r e s e n t  o r b i t a l  and luna r  opera t ions ,  and w i l l  depend upon the 



proper  func t ion ing  of  systems which have y e t  t o  be developed. I n  
o rde r  t o  d e f i n e  t h e  requirements  f o r  these systems, it is  now 
appropr i a t e  t o  eva lua te  p r e f e r r e d  mission modes and t r a j e c t o r i e s .  

Numerous s t u d i e s  have been made of manned missions t o  Mars 
o r  t o  Venus t h a t  involve e n t e r i n g  a cap tu re  o r b i t  a t  the des t ina-  
t i o n  p l a n e t .  (See f o r  in s t ance ,  refs. 1-10.) Seve ra l  of  t h e s e  
s ing le -p lane t  s topover  t r a j e c t o r i e s . s e e m  a t t r a c t i v e  on t he i r  own 
merits; neve r the l e s s ,  it is n o t  c l e a r  t h a t  two of them taken 
toge the r  comprise an optimum program f o r  i n v e s t i g a t i n g  both  Mars 
and Venus. Therefore,  the p resen t  r e p o r t  p r e s e n t s  and ana lyzes  
a novel  a l t e r n a t i v e  c l a s s  of  t r a j e c t o r i e s ,  i l l u s t r a t e d  i n  figure 
1, i n  which t h e  space v e h i c l e  s t o p s  over a t  bo th  Venus and Mars 
be fo re  r e t u r n i n g  t o  Ear th .  

I n  b r i e f ,  t h e  t r a j e c t o r y  begins  i n  a low Ear th  park ing  o r b i t ,  
proceeds t o  e l l i p t i c  park ing  o r b i t s  a t  Mars and then Venus (or 
v i c e  v e r s a ) ,  and f i n a l l y  t e rmina te s  w i t h  atmospheric brak ing  a t  
Ear th  r e t u r n .  The computational methods and b a s i c  assumptions 
of  r e f e r e n c e  6 were used t o g e t h e r  w i t h  p l a n e t a r y  da ta  from refer- 
ence 10. Numerical r e s u l t s  (based on minimum AV) a r e  presented  
f o r  launch o p p o r t u n i t i e s  from 1980 t o  1996, t r i p  t i m e s  from 550 
t o  1100 days, and s t a y  t imes a t  each p l a n e t  ranging  from 10 t o  
s e v e r a l  hundred days. These a r e  compared w i t h  the Venus-swingby, 
Mars s topover  mission i n  fou r  t y p i c a l  launch years .  

RESULTS AND DISCUSSION 

T r a j e c t o r y  C h a r a c t e r i s t i c s  

Minimum-energy t r a . i e c t o r i e s  - Table I p resen t s  seven t y p i c a l  
minimum-energy t r a j e c t o r i e s .  These c o n s i s t  of Hohmann-type (opt i -  
mum t r a v e l  t i m e  and t r a v e l  angle)  i n t e r p l a n e t a r y  t r a n s f e r s ,  w i t h  
optimum s t a y  t i m e  a t  each p l a n e t .  

TABLE I. - M I N I M U M  ENERGY TRAJECTORIES 

(a) Ear th-Mar s-Venus- Ear th  
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(b ) E a r t h- Ven us'- Ma r s - E a r t h 

CAV 
Opposit ion Year (km/sec) 

1980 

1982 

1984 

1986 

8.738 

8.700 

8 896 

9.321 

T o t a l  S t a y  Time S t a y  Time 
T r i p  Time @ Mars 63 Venus 

(days) (days) (days) 

859 -3 10.02 179.6 

1027.0 133 2 264.9 

1229.7 600.5 10 

1443.5 78 .1  767.8 

I t  is o f t e n  p o s s i b l e  t o  reduce the long  t r i p  t i m e s  shown by 
deduct ing an appropr i a t e  synodic  per iod  from one of  t h e  s t a y  times. 
A second l o c a l  minimum was found i n  t h i s  manner, a t  a lower t r i p  
t i m e  and f o r  l i t t l e  cAV penal ty ,  f o r  t h r e e  ou t  of t h e  seven t y p i c a l  
o p p o r t u n i t i e s  shown i n  t h e  t a b l e .  The r e s u l t s  a r e  presented  i n  
f i g u r e  2 where t r i p  t i m e  is p l o t t e d  i n  p a r t  (a) and cAV i n  p a r t  (b), 
a s  f u n c t i o n s  of launch year  from 1980 t o  1996 A . D .  Note t h a t  
r e s u l t s  are  p e r i o d i c  wi th  a major cyc le  o r  r e p e a t i n g  per iod  of  
about 6.4 yea r s .  T h i s  con ta ins  almost e x a c t l y  three Earth-Mars 
synodic  pe r iods  and f o u r  Earth-Venus synodic  pe r iods  and hence, 
seven t y p i c a l  launch o p p o r t u n i t i e s .  

It is  e v i d e n t l y  p o s s i b l e  t o  ob ta in  low energy t r i p s  w i t h  t r i p  
times o f  650 t o  700 days i n  1982, 1984, 1986, and t h e  6.4  year  
r e p e a t s  of  t h e s e  t r i p s .  I n  1980 (and i t s  r e p e a t s )  bo th  p r o f i l e s  
r e q u i r e  about 850 days, and it appears  t o  be more d i f f i c u l t  t o  
o b t a i n  s h o r t  t r i p  t i m e s  i n  t h a t  pe r iod ;  however, t h e  AV i s  s t i l l  
q u i t e  low. The remaining two t r i p s  i n  one r e p e a t i n g  per iod  do n o t  
seem capable  of be ing  reduced below about 1000 days t r i p  time f o r  
a reasonable  cAV. 

The s t a y  t i m e s  a s s o c i a t e d  w i t h  the preceding t r a j e c t o r i e s  a r e  
q u i t e  v a r i a b l e .  The shor t - t r i p - t ime  t r a j e c t o r i e s ,  however, t end  
t o  have s h o r t  s t a y  t i m e s  a t  Mars, and t h i s  (depending upon mission 
o b j e c t i v e s )  could be an undes i r ab le  f e a t u r e .  

Effect of t r i p  t i m e .  - The effects  of  t r i p  t i m e  T t  on CAV i n  
the d i f f i c u l t  1980 per iod  a r e  considered i n  f i g u r e  3 ( a ) .  The 
heavy s o l i d  cyrve r e p r e s e n t s  t h e  p r e s e n t  two-planet s topover  t r a -  
j e c t o r i e s ;  the o t h e r  curve should be neg lec t ed  f o r  the t i m e  being. 

Note there is a mild "knee" a t  about 720 days; CAV i n c r e a s e s  
qu ick ly  f o r  s h o r t e r  t i m e s .  S t ay  t i m e s  (not i l l u s t r a t e d )  only 
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v a r i e d  s lowly a t  long  t r i p  t i m e s ,  bu t  began t o  decrease a b r u p t l y  
( t o  the assumed minimum of 10 days) a t  t h i s  same t r i p  t i m e .  I t  
was found a l s o  t h a t  s t a y  t i m e s  could be cons t ra ined  t o  be a t  
l e a s t  50 days wi thout  major cAV pena l ty .  

The s o l i d  curves  i n  f i g u r e s  3(b) - (d) show t h e  effect  of  T t  
on CAV f o r  t h e  t h r e e  most a t t r a c t i v e  launch years .  (The dash dot  
curves  w i l l  be d iscussed  l a t e r ) .  Clear ly ,  t h e  t r i p  times may be 
reduced t o  600 days o r  perhaps a b i t  less i n  these t h r e e  per iods ,  
without  i n c u r r i n g  major cAV p e n a l t i e s  

Comparison of  T ra j ec to ry  Modes 

I n  t h i s  s e c t i o n ,  t h e  previously-discussed c h a r a c t e r i s t i c s  of 
Mars-Venus s topover  t r a j e c t o r i e s  a r e  compared w i t h  t h e  r e fe rence  
10 r e s u l t s  f o r  Venus-swingby t r a j e c t o r i e s 1  t o  Mars. 

Propuls ive  e f f o r t  and t r i p  t i m e s .  - Figure 3(a)  p o r t r a y s  the 
CAV-Tt behavior  of t h e  two t r a j e c t o r y  modes, again f o r  t h e  1980 
oppor tuni ty .  The p resen t  r e s u l t s  a r e  i n d i c a t e d  by the heavy s o l i d  
curve and were p rev ious ly  descr ibed .  Note t h a t  c A V ' s  comparable 
t o  t h o s e  of  convent ional  oppos i t ion-c lass  mission around 15 k d s e c  
can be obta ined  f o r  t r i p  times of 600 days o r  more. For Venus 
swingby t r a j e c t o r i e s  ( the  dash, do t  curve) ,  the minimum CAV occurs  
a t  700 days t r i p  t i m e ,  and a t  t h i s  va lue  of Tt the two-planet 
mode involves  about a 4 km/sec AV pena l ty .  If, however, t h e  t r i p  
t i m e  is extended t o  770 days, t h e  pena l ty  is under 1 k d s e c .  
t r i p  times g r e a t e r  than  about  850 days, t h e  conjunct ion c l a s s  
t r i p s  (not i l l u s t r a t e d )  y i e l d  the lowest cAV. 

A t  

Thus, i n  1980, the p resen t  t r a j e c t o r y  does n o t  r e q u i r e  a 
g r e a t l y  increased  cAV (compared t o  t h e  swingby mode) b u t  it does 
r e q u i r e  a r a t h e r  long t r i p  t i m e .  The more a t t r a c t i v e  o p p o r t u n i t i e s  
o f  1982-6 a r e  i l l u s t r a t e d  i n  f i g u r e s  3(b)  - (d) A s  before ,  the 
Mars-Venus s topovers  a r e  shown by t h e  heavy s o l i d  curves,  whi le  
Venus-swingbys a r e  i n d i c a t e d  by t h e  dash do t  curve.  I n  1982 - 1986, 
t h e  two p r o f i l e s  a r e  more competi t ive i n  the minimum-AV neighbor- 
hoods around 600 days, w i t h  the swingby be ing  p rogres s ive ly  bet ter  
a t  s h o r t e r  t r i p  t i m e s  and the Mars-Venus s topover  be ing  h igh ly  
competi t ive o r  somewhat s u p e r i o r  a t  longer  t i m e s .  As i n  1980, t h e  
conjunct ion t r i p  (not  i l l u s t r a t e d )  would y i e l d  t h e  lowest cAV f o r  
t r i p  times g r e a t e r  than  850 o r  900 days, Thus, i n  1982-1986 the 
p resen t  t r a j e c t o r y  mode i s  competi t ive f o r  t r i p  times ranging  from 
about 600 t o  875 days. 

' A l l  t r a  j e c t o r 5 e s  d iscussed  h e r e i n  use e l l i p t i c  park ing  
a t  Venus and Mars (e = 0,9)  and atmospheric brak ing  a t  Ea r th  
wi th  r e e n t r y  speed 5 52 000 f p s .  

o r b i t s  
r e t u r n  
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Mission o b j e c t i v e s  c a p a b i l i t y .  - If cAV and t r i p  t i m e  were 
the only cons ide ra t ions ,  there would be l i t t l e  need f o r  t h e  p re sen t  
c l a s s  of t r a j e c t o r i e s ;  i0e.,,  e x i s t i n g  Mars o r  Venus t r a j e c t o r y  
modes g e n e r a l l y  y i e l d  s h o r t e r  t r i p  t imes f o r  comparable c A V T s  o r  
lower t o t a l  c A V T s  a t  comparable t r i p  times. 

On the o t h e r  hand, Venus i s  a l s o  a l e g i t i m a t e  o b j e c t  f o r  
s c i e n t i f i c  and t e c h n i c a l  c u r i o s i t y ,  and there a r e  s e v e r a l  major 
o b j e c t i v e s  t h a t  would either r e q u i r e  o r  b e n e f i t  s i g n i f i c a n t l y  from 
t h e  presence of a p rope r ly  t r a i n e d  crew i n  o r b i t .  Thus, the 
p resen t  t r a j e c t o r i e s  could a p p r o p r i a t e l y  be compared w i t h  the 
of i n d i v i d u a l  Mars and Venus round t r i p s .  The t o t a l  combined cAV'S 
and T t T s  exceed 1 7  km/sec and 1000 days, r e s p e c t i v e l y .  
b a s i s  the Mars-Venus s topover  is c l e a r l y  supe r io r  t o  any combina- 
t i o n  o f  Mars-only and Venus-only round t r i p s .  

On th i s  

CONCLUDING REMARKS 

I n  t h i s  r e p o r t ,  a c l a s s  of round t r i p  t r a j e c t o r i e s  w i t h  s t o p  
overs  a t  bo th  Mars and Venus has  been s t u d i e d .  The r e s u l t s  l ead  
t o  t h e  fo l lowing  conclusion: 

(a) cAV requirements  a r e  n o t  g r e a t l y  h igher  than those  of t h e  
b e s t  e x i s t i n g  t r a j e c t o r y  modes which go t o  Mars o r  Venus only,  and 
a r e  d i s t i n c t l y  lower than the sum of these two. 

(b) There a r e  seven low-energy launch o p p o r t u n i t i e s  w i th in  each 
6.4 year  r e p e a t i n g  per iod .  O f  these ,  t h r e e  involve only moderate 
(under two years)  t r i p  t i m e s ,  two r e q u i r e  very  long (over three 
years )  times, and two r e q u i r e  an in te rmedia te  va lue  of  about two 
and a h a l f  years .  Four of the seven v i s i t  Venus f irst  and Mars 
second, whi le  the order  is reve r sed  f o r  the remaining t h r e e .  

(c) By s e l e c t i n g  the b e s t  double s topover  p r o f i l e  (e.g., Mars- 
first) i n  each per iod ,  a minimum energy fami ly  can be cons t ruc ted  
which r e q u i r e s  t r i p  times of only 650-700 days i n  t h r e e  out  of t h e  
seven o p p o r t u n i t i e s  and about  850 i n  t h e  f o u r t h .  These va lues  can 
be decreased t o  about 600 days and 720 days, r e spec t ive ly ,  without  
major cAV pena l ty .  

(d) S t a y  times tend  t o  be s h o r t  ( e , g . ,  10 days) e s p e c i a l l y  a t  
Mars, bu t  can be lengthened t o  about 50 days without  major cAV 
penal ty .  

From t h e  foregoing,  it may be i n f e r r e d  t h a t ,  i f  Venus a s  w e l l  
a s  Mars i s  a major manned spacef lTght  goa l ,  then the p resen t  
c l a s s  of  t r a j e c t o r i e s  i s  of l e g i t i m a t e  i n t e r e s t  and should be taken 
i n t o  account i n  f u t u r e  mission s t u d i e s .  I n  p a r t i c u l a r ,  v e h i c l e  
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weight s t u d i e s  f o r  t h e  two-planet t r a j e c t o r i e s  should be performed; 
resul ts  would then  be optimized on a weight b a s i s  r a t h e r  than cAV; 
and a r a t i o n a l e  must be e s t a b l i s h e d  for comparing the p resen t  t r a -  
j e c t o r i e s  w i t h  those  which s topover  a t  only one p l a n e t .  

Lewis  Research Center 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 

Cleveland, Ohio, September 4, 1969 
12 6- 15- 13 
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